We show a facile method to prepare surface-clean monodispersed small and stable CuOx nanoparticles with controllable average sizes from below 1 nm up to ~5 nm without using bulk capping agent. Structural and surface characterizations show that the chemical states of CuOx nanoparticles and their interactions with O 2 are dependent on the particle size. To show their relevance to catalysis, the well-defined monodispersed CuOx nanoparticles have been used for oxidative coupling of alkynes. While the generally used CuCl catalysts presents a reaction induction period and agglomerate into CuOx nanoparticles during the reaction, the induction period disappears when monodispersed CuOx nanoparticles (~2 nm) were used as catalyst. Supported CuOx nanoparticles on TiO 2 behave in the same way as monodispersed CuOx nanoparticles. Kinetic, spectroscopic and isotopic studies show that O 2 activation is the rate-controlling step and the nature of the oxygen species formed on supported CuOx nanoparticles are dependent on the size of CuOx and determine the catalytic properties for oxidative coupling of alkynes.
Introduction
CuO x (Cu 2 O and CuO) are important semiconductors that present wide applications in catalysis, gas sensing and photocatalysis. There is much work on controllable synthesis of Cu 2 O and CuO nanostructures and their applications in energy conversion, gas sensing and catalysis. 1, 2 However, most CuO x nanomaterials prepared in the literatures are larger than 5 nm with low surface areas.
Since the catalytic properties of nanoparticles (NPs) are obviously related with their size, developing methodologies for synthesis of small CuO x NPs with diameter below 3 nm can be of much importance for catalytic applications. is usually required to remove the ligands with long carbon chains. 4 Others have also prepared CuOx NPs but strongly interacting capping agents were also needed. 5 So far, the preparation of small "surface clean" CuO x NPs without bulky capping agent still remains a challenge.
Copper compounds (like CuCl, CuCl 2 , Cu(acac) 2 et al.) are widely used in organic synthesis as catalysts for oxidation reactions. 6, 7 There are many mechanistic studies on the role of Cu for oxidation reactions, and most of those works have been performed on the basis that mononuclear Cu or, in some cases, double Cu centers stabilized by ligands are thought to be active centers. 8, 9 Although there are some reports on the application of Cu NPs for aerobic oxidation reaction, the relationships between Cu compounds and Cu NPs are still not clear. In a recent work, we have seen that the Cu salts used initially as the catalyst for C-N coupling reactions are not necessarily the active species, but they agglomerate during the reaction to form Cu clusters with a few atoms. 10 This can be particularly relevant for oxidation reactions in where O 2 activation may require Cu species with a certain number of Cu atoms. In the case of organic reactions that take place at low temperature, O 2 dissociation or, in a more general way, O 2 activation can become the rate-controlling step. To achieve the activation of the organic compounds and O 2 simultaneously on isolated Cu cations seems like a difficult task, and in natural Cu-containing enzymes, binuclear Cu centers are thought to be the active sites for activation of O 2 . 11, 12 In the case of Cu NPs, the activation of O 2 could be easier on small Cu NPs and the size as well as redox properties of Cu NPs, will be a key issue for establishing structure-activity relationships for Cu-catalyzed oxidation reactions. 13 In the present work, we will show a facile method to prepare monodispersed small CuOx NPs with controllable average sizes from below 1 nm up to ~5 nm. By kinetic experiments, we will show how the size of the CuOx NPs controls the adsorption and activation of organic reactants and O 2 , as well as their facility to go into redox cycles. To show their relevance to catalysis, we have used these well-defined monodispersed CuOx NPs for oxidative coupling of alkynes. Then, by comparing with CuCl (the widely used catalyst for oxidative coupling of alkynes), it has been proved that a reaction induction period exists when CuCl is used as the starting catalyst. We have found that CuCl will evolve and agglomerate during the reaction. On the other hand, the reaction induction period disappears when monodispersed CuOx NPs (~2 nm) were used as catalyst. After identifying the important role of CuOx NPs in oxidative coupling of alkynes, supported CuOx NPs on TiO 2 were prepared as heterogeneous catalysts. The CuOx/TiO 2 catalysts show the same particle size effects, that with well-defined isolated nanoparticles. By means of kinetic, spectroscopic and isotopic studies, it has been found that O 2 activation is the rate-controlling step and the nature of the oxygen species formed on supported CuOx NPs are dependent on the size of CuOx NPs.
Experiments

Synthesis of monodispersed CuOx NPs and supported CuOx NPs.
The CuOx NPs with different sizes were prepared as following. CuCl powder was added into 20 mL dimethylsulfoxide (DMSO 
Characterizations
The sizes of copper particles on supports were analyzed by TEM microscopy. Samples for electron microscopy studies were prepared by dropping the suspension of CuOx NPs directly onto holey-carbon coated Nickel grids. Studies have been performed in a JEOL 2100F microscope operating at 200 kV both in transmission (TEM) and scanning-transmission modes (STEM). STEM images were obtained using a High Angle Annular Dark Field detector (HAADF), which allows Z-contrast imaging.
X-ray photoelectron spectra of the catalysts were carried out with a SPECS spectrometer equipped with a Phoibos 150MCD multichannel analyzer using MgKα (1253.6 eV) irradiation. The spectra were recorded at -175ºC and with an X-ray power of 50 mW in order to avoid photo-reduction of the copper species. The residual pressure in the analytical chamber was maintained below 10 -9 mbar during data acquisition. For spectra acquisition, a drop of the monodispersed CuOx NP solution was deposited onto a Molibdenum sample holder and dried under N 2 atmosphere inside the load lock of the XPS spectrometer. On the other hand, supported CuOx NP were prepared for analysis by depositing the powder onto a molybdenum sample holder. The binding energies of Cu 2p were corrected for surface charging by referencing them to the energy of C1s peak of adventitious carbon, set at 284.5 eV. Peak intensities have been calculated after nonlinear Shirley-type background subtraction and corrected by the transmission function of the spectrometer. The CasaXPS software has been used for spectra deconvolution.
Raman spectra were obtained with an "in via Reflex" Renishaw spectrometer, equipped with an Olympus microscope. The exciting wavelength was 785 nm from a Renishaw HPNIR laser with a power of ca. 15 mW on the sample. A micro quartz reactor located in a furnace has been used for the in situ Raman studies. The furnance is provided with a small hole in order to allow focalization on the sample with the laser spot. The reactor was positioned below the microscope objective, using a x50 long working distance objective (WD=10.6 nm). For the in situ studies the sample (10mgr) has been in situ activated in N 2 flow for 1h at 25 ºC. Then the sample has been exposed to a phenylacetylene + O 2 flow at 90 ºC for 1h. Afterwards the temperature was decrease to 25 ºC, and the gas flow switch to only O 2 . Temperature was increased from 25º to 60º and 90 ºC, collecting several spectra at each temperature.
FTIR spectra have been collected with a Nexus spectrometer from Thermo equipped with a DTGS detector (4 cm -1 resolution, 32 scans).The samples were pressed into self-supported pellets (ca. 10mg cm -2 ) and activated in vacuum (10 -4 mbar) for 1h at 25 ºC prior to the IR studies. In the phenylacetylene adsorption studies, deuterated phenylacetylene (Ph-C≡C-D) was adsorbed at 25ºC at increasing dosing from 0.5 to 6.5 mbar, followed by further increasing the temperature to 60 and 90 ºC. Spectra were acquired at each temperature and after each dose. After 90 ºC, the sample was evacuated and the temperature lowered to 25 ºC where 35 mbar CO was adsorbed for surface titration experiments. After CO evacuation the sample was exposed to 30 mbar O 2 at 90 ºC for 45min, followed by evacuation and further decreasing temperature to 25 ºC were 35 mbar CO was again re-adsorbed for surface titration. In the in situ IR studies 6.5 mbar phenylacetylene was coadsorbed with 30 mbar O 2 at 25ºC and kept for 45 min at that temperature. Afterwards the temperature was raised to 90 ºC for 45 min followed by sample evacuation at 10 -4 mbar. 18 O Isotopic exchange of surface oxygen species followed by H 2 titration, were carried out in a quartz flow reactor coupled to a quadrupole mass spectrometer (Omnistar, Balzers) for on-line monitoring of the exit gas composition. In each experiment, 100 mg of sample diluted in SiC (1:1 ratio), has been activated in N 2 flow for 1 h at 25 ºC. In the TPR of the 18 O 2 oxidized samples, the sample, after activation, was exposed to a 20% 18 O 2 in Ar flow for 1 h at 90 ºC, followed by decreasing the temperature to 40 ºC in an Ar flow and kept at that temperature for 20 min.
Afterwards the gas feed was switch to 10% H 2 in Ar, and the temperature raised to 450 ºC, with a heating rate of 2 ºC/min. In the TPR of the phenylacetylene+ 18 O 2 experiments the sample, after activation, was exposed to a phenylacetylen+ 18 O 2 flow at 90 ºC for 1h, followed by decreasing the temperature to 40 ºC in an Ar flow and kept at that temperature for 20 min. Afterwards the gas feed was switch to 10% H 2 in Ar, and the temperature raised to 450 ºC, with a heating rate of 2 ºC/min.
Powder X-ray diffraction (XRD) was performed with a HTPhilips X'Pert MPD diffractometer equipped with a PW3050 goniometer using CuKα radiation and a multisampling handler. Gas chromatography (Bruker with FID detector) was used for quantitative analysis of substrate and product. CuOx-NC, f) CuOx-1.8, g) CuOx-2.2 and h) CuOx-2.5.
Oxidative hetero-coupling of alkynes by supported
Synthesis and characterizations of monodispersed CuOx nanoparticles
Monodispersed CuOx NPs could be easily synthesized by a thermal decomposition of CuCl in The Cu 2p3/2 X-ray photo-electron spectra (XPS) and Cu L3VV Auger spectra of the above samples are shown in Figure 2A and Figure 2B respectively. Two components at binding energy (BE) of 934.6eV and 932.6eV are observed in all samples but in different proportion. The higher BE of 934.6eV is due to Cu 2+ , while the lower BE of 932.6eV can be related either to Cu(I) or metallic Cu 0 . 20 Assignation to Cu 0 can be excluded in samples CuOx-1.8 and CuOx-4.5 according to the peak position and band shape of the auger Cu L3VV peak. An anomalous Cu L3VV KE value is observed on sample CuOx-NC (915.5eV). Similar behavior, due to a small particle size effect, has already been observed by others authors, 21 hindering true identification of copper oxidation state. Following the above assignment, it can be seen that from the values given in Table 1 , the relative amount of Cu(II) to Cu(I) increases when increasing particle size (from clusters to 5 nm), which fits with the increase in the shake-up satellite intensity. Moreover, the Cu L3VV peak position agrees with a higher contribution of Cu(II) in sample CuOx-4.5 (Cu L3VV of 917.8 eV) and higher contribution of Cu(I) in sample CuOx-1.8 (Cu L3VV of 916.8 eV). 22 CuOx-NC is a mixture of clusters and nanoparticles, where the nanoparticles may exist in an oxidized form, according to their raman spectra, and mayoritary as Cu(I) due to the absence of satellite structure in the XPS spectra. Cl -ions have also been detected in the XPS analysis, which unavoidable comes from the thermal decomposition of the CuCl precursor in air. The existing form of Cl -is difficult to identify according to XPS BE data, while it may most probably remain dissolved in small amount of water present in the air or in the solvent.
The existence of Cu clusters in CuOx-NC sample is also confirmed by fluorescence spectroscopy.
As shown in Figure 2c , a strong emission peak can be found around 390 nm, which corresponds to Cu clusters with 10~20 atoms. 14 Pure CuCl solid shows no fluorescence emission, implying that
CuCl is transformed into CuOx clusters in DMSO. The fluorescence intensity decreases dramatically when the particle size increases to 1.8 nm, due to the high sensitivity of fluorescence with particle Cu compounds are widely used as superior catalysts for the oxidative homo-coupling of alkynes.
Catalytic properties of monodispersed CuOx NPs
Cu salts in pyridine media or in alcohol media can give high conversion for oxidative coupling of alkynes. 23, 24 It is not infrequent to find in the literatures that the reaction mechanism is thought to involve the mononuclear Cu-alkyne complex. However, since Cu species can evolve during the reaction, one has to investigate the dynamic evolution of Cu species in the catalytic process to determine which are the catalytically active species. Therefore, we have used CuCl as the starting catalyst for performing the homo-coupling of phenylacetylene. Different amounts of CuCl were used as catalyst and the evolution of the reactants and catalyst were followed with time. As shown in Figure 3a and Figure 3b , it can be seen that when the amount of CuCl was below 5 mol%, the reaction goes through an induction period. During that time, conversion was not observed in the first 10-20 min. Furthermore, the induction period decreases when increasing the amount of CuCl. These kinetic results indicate that the initial CuCl may not be the real active catalyst, and some in situ transformation of CuCl may occur during reaction that give rise to the catalytically active Cu species.
In order to identify the evolution process of CuCl during the homo-coupling of the alkyne, the following experiment was carried out. A reaction mixture was prepared in one reactor with 10 mol%
CuCl and phenylacetylene. An aliquot of the reaction mixture was taken at different reaction times and introduced into a second reactor in where only the phenylacetylene was present. The amount of Cu in the second reactor was kept as 0.5 mol%. It should be remembered that when the oxidative coupling of phenylacetylene was catalyzed by 0.5 mol% of CuCl, an induction period of about 1 h was observed (see Figure 3) . As shown in Figure S5 , an induction period was observed in the second reaction when the aliquot from the first reactor was taken at time zero with the still no evolved original CuCl. However, if the aliquot of the reaction mixture was taken from the first reactor after 0.5 h, and it was added into the second reactor, the reactor started immediately without induction period (see Figure S5 ). The above experiment shows that, whatever the Cu active species for the oxidative coupling of alkynes are, they are not the CuCl but are formed in situ during the reaction. Therefore, we follow the evolution of the Cu species by taking samples at different reaction times. We choose the homo-coupling reaction catalyzed by 1.0 mol% of CuCl and the Cu species in solution were analyzed by with STEM. STEM results (see Figure S6) show that the reaction starts when nanoparticles with size between 1 and 3 nm are present. Elemental mapping and high-resolution TEM images (see Figure S7 ) confirm that those nanoparticles should be CuOx NPs with lattice fringes corresponding to Cu 2 O. The results imply that, the in situ transformation of CuCl into CuOx NPs may play an important role in the oxidative coupling of alkynes.
Similar phenomenon of the in situ transformation of Cu species during the oxidative coupling of alkynes have also been observed when other starting Cu compounds were used as the starting catalysts. For example, when 5.0 mol% of Cu(Ac) 2 was used as catalyst, an induction period of about 13 2 h occurs (see Figure S8 ) and small CuOx NPs can also be observed with STEM after the induction period, as shown in Figure S9 . For different Cu compounds, the induction period may be different, but when the reaction takes off, the in situ formed CuOx NPs show similar average sizes of ~2 nm.
This common point implies that small CuOx NPs may play an important role in the oxidative homo-coupling of alkynes. Therefore, since CuOx NPs of controllable sizes can now be prepared, we performed the reaction using the separately prepared monodispersed CuOx NPs described before.
Moreover, we have also used Cu clusters with 8-16 atoms prepared by electrochemical method (see experimental section) and their catalytic property was measured. Results given in Figure S10 clearly show that metal clusters give no activity for the oxidative homo-coupling of phenylacetylene.
Moreover, the monodispersed CuOx samples (CuOx-NC and CuOx-2.2) are not only active but also
give no induction period. Nevertheless, CuOx-2.2 show higher activity than CuOx-NC. Then, considering the presence of both small clusters and NPs in the CuOx-NC sample, we can speculate that only CuOx NPs are responsive for the catalytic activity. The catalytic properties of the other CuO x NPs with different sizes have also been tested, and the results given in Figure 4 show a maximum activity for CuOx NPs around ~2 nm. Moreover, when the initial reaction rate is plotted versus the amount of CuOx-2.2 NPs added as catalyst (shown in Figure S11a and Figure S11b ), a linear relationship is observed, indicating that the CuOx NPs are the active species for the oxidative coupling of phenylacetylene. The morphology of the CuOx-2.2
NPs was again checked after the homo-coupling reaction (after reaction time of 4 h) and the size distribution is very similar to the fresh sample (see Figure S11c and Figure S11d ). It should be remarked here that, the CuOx NPs with larger size (CuOx-4.5) show a short but visible induction period (about 10 min) for the homo-coupling of phenylacetylene (see Figure S12 ). STEM and HRTEM images of CuOx-4.5 NPs after the homo-coupling reaction indicate that they have been transformed into CuOx NPs of around 2 nm during the reaction (see Figure S13) . These results are again in line with the conclusion that CuOx NPs of ~2 nm are the active species for the reaction.
Preparation and characterizations of supported CuOx NPs
From the work on isolated CuOx NPs, we have learnt that oxidative coupling of phenylacetylene is better catalyzed by CuOx NPs of ~2 nm. Thus, before studying why this occurs, we thought on the possibility to extend the knowledge acquired to prepare active supported Cu catalyst for the above Figure S16 to Figure   S20 ) also confirm the uniform dispersion of CuOx NPs on TiO 2 support. The size distributions of CuOx NPs are also presented in Figure S21 , indicating that the size of CuOx NPs increases when increasing the loading of CuOx on TiO 2 .
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The chemical states of Cu species in (CuOx/TiO 2 -2.5% and CuOx/TiO 2 -10%) were measured by XPS. From Figure S22 , it can be deduced that both Cu + and Cu 2+ are present in the two samples.
Moreover, CuOx/TiO 2 -10% has a higher ratio of Cu 2+ /Cu + than CuOx/TiO 2 -2.5. The reducibility of CuOx NPs with different sizes was also measured by temperature-programmed reduction (TPR). As shown in Figure S23 , for CuOx/TiO 2 -0.25% the H 2 consumption is very low compared to CuOx/TiO 2 -2.5% and to CuOx/TiO 2 -10% with lager particle sizes, implying the low redox reactivity of the subnanometric CuOx species in CuOx/TiO 2 -0.25%. 13 For CuOx/TiO 2 -2.5%, a big sharp peak (α peak) can be observed in the TPR profile, which is associated to the reduction of small CuOx NPs of around 2 nm. In the case of CuOx/TiO 2 -10%, two reduction peaks (α and β peak) can be observed, which can be ascribed to small CuOx NPs and big CuOx NPs, respectively. 25 Considering that the H 2 consumption corresponding to the β peak is much larger than that for the α peak, it could be deduced that most CuOx NPs in CuOx/TiO 2 -10% are big CuOx NPs, which is consistent with the STEM characterization. 
Catalytic properties of supported CuOx NPs
The activities of CuOx/TiO 2 samples in the homo-coupling of phenylacetylene were measured under the experimental conditions described in the experimental section. As shown in Figure 5a , no induction period was observed and the activity of CuOx/TiO 2 samples is related with the sizes of the CuOx NPs formed on TiO 2 . CuOx/TiO 2 -2.5% sample with CuOx NPs around 2 nm gives the best activity compared with smaller or larger CuOx NPs (see Figure 5b) , and the reaction can be finished in 40 min when CuOx/TiO 2 -2.5% is used as catalyst.
Combining the results on monodispersed and supported CuOx NPs, we can propose that the suitable size of CuOx NPs in CuOx/TiO 2 -2.5% should be the reason accounting for its high activity.
Furthermore, the size-dependent catalytic properties of CuOx NPs follow a similar trend on both monodispersed and supported NPs.
The activity CuOx/TiO 2 -2.5% sample was also tested for homo-coupling of phenylacetylene using different amounts of Cu as the catalyst. As presented in Figure S24a , the reaction will boost once the catalyst is added into the reaction mixture, indicating that CuOx/TiO 2 -2.5% sample can catalyze the reaction directly. When the catalyst is separated from the reaction mixture, the formation of the coupling product stops, indicating that the active Cu species are those supported on TiO 2 and the process is heterogeneous. The linear relationship between the initial reaction rate and amount of Cu species (shown in Figure S24b ) also confirms that small CuOx NPs supported on TiO 2 are the active species for the oxidative coupling of alkynes.
As discussed previously, Cu clusters seem not to be active for the oxidative coupling of 
Kinetic and in situ spectroscopic studies
The global process for oxidative coupling of alkynes can be decomposed into the following elementary steps: activation of the C-H bond in the alkyne group, coupling reaction, O 2 activation and reaction of the adsorbed H with the activated O 2 . 26 To find which one is the reaction controlling step, CuOx/TiO 2 -2.5% was used as catalysts and the initial rate of the reaction was measured by keeping the O 2 pressure (1 bar) constant and changing the initial concentration of phenylacetylene.
Results in Figure S25 indicate that under these reaction conditions, the rate of the reaction does not depend on the concentration of alkyne, indicating that neither the phenylacetylene activation nor the homo-coupling can be the rate-controlling step. On the other hand, the initial rate of the reaction clearly increases when increasing the oxygen pressure while keeping the concentration of phenylacetylene constant. From the kinetic results, one should then conclude that the controlling step during the oxidative coupling of alkynes corresponds to O 2 activation, or to the reaction between activated O 2 and the abstracted hydrogen.
With respect to the molecular interaction of the reactants with the catalyst, the surface interaction of phenylacetylene was clearly seen from the UV-vis spectra of the alkyne adsorbed on the monodispersed CuOx NPs (see Figure S26 ). When phenylacetylene is interacted with CuOx NPs at room temperature, no obvious change occurs in the UV-vis spectra. However, when the system is heated to the reaction temperature (90 o C), a new peak at ~475 nm is observed that can be associated to the formation of C≡C-Cu bond, suggesting that the adsorption and dissociation of the C-H bond of phenylacetylene on the CuOx NPs has occurred. 27 After one hour, when the phenylacetylene has been consumed, the peak at ~475 nm disappears.
Alkyne activation on supported CuOx NPs has also been studied by in situ IR spectroscopy. When deuterated phenylacetylene is adsorbed on TiO 2 , CuOx/TiO 2 -2.5% (active sample) and CuOx/TiO 2 -10% (non-active sample), a band corresponding to O-D bond has been identified in all samples at room temperature (see Figure S27) . It was not possible to identify whether the -OD groups come from the TiO 2 support or from the CuO X NP, due to the fact that a fast isotopic scrambling with the -OH groups of the support can also occur. On the other hand, the formation of C≡C-Cu bond at the surface is consistent with the presence of a rather asymmetric C≡C IR bond in both CuOx/TiO 2 samples (see Figure S28 ) when compared with that formed on pure TiO 2 . The asymmetric vibration mode of C≡C bond in IR spectra can be due to the interaction of the Ph-C≡C-* adduct with surface copper sites on both CuOx/TiO 2 -2.5% and CuOx/TiO 2 -10%. 28 According to the data from UV-vis and IR spectra, C≡C-H activation really occur on the surface of the CuOx nanoparticles.
XPS results of CuOx/TiO 2 -2.5% and CuOx/TiO 2 -10% presented before showed that the chemical states of Cu species in the two samples are different, which may be a reason for their different catalytic activity. To further investigate the nature of the surface Cu species on CuOx/TiO 2 -2.5% and CuOx/TiO 2 -10% in the presence of phenylacetylene and O 2 , CO has been used as probe molecule for in situ IR spectroscopy. Indeed, CO is very sensitive to Cu(I) species while Cu(II) cannot be detected by CO even at low temperature. 29, 30 As depicted in Figure S29 , Cu(I) has been observed on both ascribed to peroxo species, is clearly detected at 25 ºC, 60 ºC and at the reaction temperature used in the catalytic studies (90 ºC). 31 No peroxo species have been detected on pure TiO 2 . Notice that a decrease in the intensity of the 998 cm -1 band at 90 ºC occurs, which could be due to thermal desorption or to dissociation into atomic oxygen, and regeneration of surface lattice oxygen species.
Moreover, peroxo species (IR active vibration mode at 1227 and 1217 cm -1 ) have also been detected by in situ IR studies performed at different reaction temperatures ( Figure S30a) . 32 These results indicate that peroxo species can be formed on the surface of CuOx/TiO 2 -2. Based on these data, it can be speculated that oxygen as peroxo species is preferentially stabilized on the CuO X /TiO 2 -2.5% sample. In contrast, the peroxo species and less favorable on CuOx/TiO 2 -10%
at the reaction temperature. Considering the high reactivity of peroxo species in selective oxidation reaction, the formation of peroxo species could be the reason accounting for the higher activity of CuOx/TiO 2 -2.5%. It has been presented in the literature that oxygen activation can also be performed with the help of surface lattice defects. 34 Since we cannot observe surface adsorbed active oxygen species on CuOx/TiO 2 -10%, the activation of O 2 on CuOx/TiO 2 -10% may be performed through the re-oxidation of Cu(I) species on big CuOx NPs as observed in the IR spectra (see Figure S29) . In order to distinguish whether the different reactivity is associated to peroxo species or lattice oxygen species, 18 O 2 has been used for the in situ spectroscopic studies. where the catalysts surface has been titrated, using CO as probe molecule, after phenylacetylene adsorption at 90 ºC and after subsequent O 2 insertion at the same temperature (see Figure S29 ).
Thus we can conclude that the different reactivity observed between the CuOx/TiO 2 -2.5% and CuOx/TiO 2 -10% samples is related to a different nature of the oxygen species on the catalyst surface.
Stabilization of molecular oxygen as peroxo species or further dissociation into atomic oxygen and
22
generation of lattice oxygen species is strongly related to the different particle size of CuOx NP in both samples. On CuOx NPs around 2 nm, O 2 molecules are activated to form peroxo species, which is more active than surface lattice oxygen formed on big CuOx NPs in CuOx/TiO 2 -10%. 35, 36 As a consequence, CuOx/TiO 2 -2.5% with ~2 nm particle size shows much higher activity than CuOx/TiO 2 -10% with ~10 nm particle size in the oxidative coupling of alkynes. Notice that this is the case regardless that monodispersed isolated CuOx NPs or supported NPs are used as catalysts. However, a further increase in the size of CuOx NPs will change the nature of the oxygen species formed. O 2 will form lattice oxygen species after activation by large CuOx NPs, which is less active
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for the oxidative coupling reaction.
Synthesis of unsymmetric 1,3-diynes with CuOx/TiO 2 catalyst
Compared with oxidative homo-coupling of alkynes, the coupling reaction between two different alkyne molecules is more difficult due to their different reactivity. The yield of unsymmetric 1,3-diynes is much lower than the oxidative homo-coupling of alkynes as a result of the competitive reaction pathways between homo-coupling and hetero-coupling reactions. 37 Therefore, in some cases, only trace amount of 1,3-diynes can be obtained when Cu-based catalyst is used, even though one alkyne substrate is in a large excess (the molar ratio of two alkynes is 5.). 38, 39 Since the CuOx NPs supported TiO 2 in the CuOx/TiO 2 -2.5% sample can catalyze the oxidative coupling of alkynes directly, the oxidative hetero-coupling of different alkynes could be processed smoothly with higher yield of unsymmetric 1,3-diynes. The catalytic results in the synthesis of unsymmetric 1,3-diynes with CuOx/TiO 2 catalyst are shown in Table 2 . It should be noted that, in this work, the molar ratio of two alkynes is 2. And higher temperature and O 2 pressure is used to accelerate the hetero-coupling between different alkynes. As can be seen in Table 2 , unsymmetric 1,3-diynes can be obtained with moderate to good yield, ranging from 61% to 92%. The coupling between phenylacetylene and hexyne can be realized with 61% yield although the amount of phenylacetylene is only twice that of hexyne. It should be noticed that only trace amount of the unsymmetric coupling product was obtained in previous work (but five times excess of hexyne). 40 These results suggest that supported small CuOx NPs can work as efficient catalyst for synthesis of unsymmetric 1,3-diynes. 
Conclusions
In this work, a facile method for synthesis of monodispersed small CuOx NPs has been presented.
Through kinetic analysis and following the dynamic transformation of Cu species, small CuOx NPs around 2 nm are proved to be the active species in Cu-catalyzed oxidative coupling of alkynes.
Furthermore, the size-dependent catalytic properties of supported CuOx NPs on TiO 2 was also studied. Similar activity trend is obtained on supported CuOx NPs and monodispersed CuOx NPs.
By spectroscopic characterizations, it has been clarified that the nature of the active oxygen species are dependent on the size of CuOx NPs. Active peroxo species are preferentially formed on small CuOx NPs (~2 nm) while O 2 prefers to form lattice oxygen species after dissociation on large CuOx NPs (~10 nm). Therefore, the catalytic properties in oxidative coupling of alkynes are greatly dependent on the size of CuOx. Finally, monodispersed CuOx NPs are able to catalyze the unsymmetric coupling of alkynes.
ASSOCIATED CONTENT Supporting Information
This material is available free of charge via the Internet at http://pubs.acs.org.
AUTHOR INFORMATION
*Corresponding author: acorma@itq.upv.es (A.C.)
Notes
The authors declare no competing financial interests.
